It is important to study the properties and mechanics of egg drop impacts in order to reduce egg loss during processing and logistics and to provide a basis for the protective packaging of egg products. In this paper, we present the results of our study of the effects of the structural parameters on the mechanical properties of an egg using a finite element model of the egg. Based on Fluid-Solid coupling theory, a finite element model of an egg was constructed using ADINA, a finite element calculation and analysis software package. To simplify the model, the internal fluid of the egg was considered to be a homogeneous substance. The egg drop impact was simulated by the coupling solution, and the feasibility of the model was verified by comparison with the experimental results of a drop test. In summary, the modeling scheme was shown to be feasible and the simulation results provide a theoretical basis for the optimum design of egg packaging and egg processing equipment.
Introduction
An egg has the shape of an approximate ellipse whose curvature radius is larger at one side than at the other. Consequently, they are liable to roll around and are extremely fragile. In order to avoid the loss of eggs due to collisions or large vibrations, it is necessary to place the eggs in cushioning materials while they are collected, graded, packaged, processed, stored, transported, and traded. Egg damage is primarily caused by dynamic loading, such as drops, collisions, and vibrations. Statistics show that the damage rate of eggs during processing is 3.7%, and the loss rate caused by eggshell cracks is 6-8%, although some microcracks remain invisible. When the losses from other causes are also taken into account, such as deterioration due to improper storage, the economic loss to China amounts to RMB 500 million yuan every year [1, 2] . Therefore, research into the mechanical properties of eggs when they are subjected to drop impacts is important in order to reduce egg loss and provide a basis for the protective packaging of egg products.
Several studies have been conducted at home and abroad on the static characteristics of eggs. For example, as early as 1986, Upadhyaya et al. [3] measured the basic physical parameters of eggshells with the following results: the egg size and egg-shape index (the ratio of the major axis to the minor axis of an egg) had an impact on the static compressive strength of an egg; the smaller end of the egg, which served as the compression end, was able to bear a larger load under static compression [4] ; the thickness of the eggshell greatly affected the maximum loading capacity; the curvature radius at the vertex of each end of the egg correlated significantly with the maximum loading capacity, which increased as the curvature radius increased [5] .
In terms of the dynamics, Liu and Wu [6] analyzed the dynamic characteristics of the egg, including the physical quantities, the stress and deformation under static pressure, and the maximum height from which the egg can be dropped without damage onto various materials. They also proposed a means to describe the damage to the egg based on the dynamic load with energy. In 2004, Kemps et al. [7] experimentally measured the resonant frequency of an eggshell based on a theoretical formula for the effect of the dimensions of the eggshell and the modulus of elasticity on the resonant frequency. Wang [8] utilized a bounce table  and a data acquisition unit in order to analyze the impact  characteristics associated with dropping eggs and to identify  the law of variation between the various factors, such as  different drop heights, impact areas, cushioning materials, thickness of the cushioning materials, and peak values of the impact force and impact time. In 2011, Chen [9] conducted an inclined tumbling impact experiment with eggs and analyzed the relationship between the egg-shape index, the curvature radius at the midpoint, and the symmetry of the damage area in the single-factor and orthogonal experiments by changing the length, height, and materials of the inclined plane. To analyze the dynamic mechanical properties of the egg, Teixeira and Awruch [10] used a numerical simulation of the fluid-solid coupling system by means of the finite element method, conducted a numerical analysis of that system in Arbitrary Lagrangian-Eulerian (ALE) equations using the Taylor-Galerkin method, and verified their correctness with two numerical examples, that is, a compressible fluid and a slightly compressible fluid. With the model analysis based on the experiments, Wu [11] calculated the resonant frequency and the corresponding damping ratio of the egg and described the vibrational response of the egg caused by a slight mechanical impact in the direction of its equator. In 2010, Perianu et al. [12] simulated a numerical model of the eggshell and the liquid load within the egg using the finite element method. He concluded that the geometrical parameters of the egg, such as the eggshell thickness and egg size, had a large impact on the natural frequency of the fluidsolid coupling of the egg.
In order to analyze the characteristics of the natural frequency of a watermelon, Nourain et al. [13] created a finite element model. Dintwa et al. [14] studied the possibility of modeling errors when simulating postharvest packaging in bulk using a discrete element method and constructed a finite element model to analyze the dynamic process of collision between individual apples and that between the apples and the wall. Zhang et al. [15] conducted research into the design and mechanical properties of a PVC elastic thinwalled packing box for eggs.
The majority of the existing theoretical models or numerical simulations established for the dynamic characteristics of eggs failed to take the fluid within the egg into consideration. Instead, they have paid an excessive amount of attention to the eggshell and static compression and dropping force analyses. In this paper, we describe the results of an indepth finite element analysis into the mechanical properties of the egg and its associated damage mechanisms in order to provide more comprehensive theoretical guidance on solving egg damage problems in practice.
Establishment and Verification of a Finite Element Model of the Fluid-Solid Coupling System in an Egg

Establishment of the Geometric Model of an
Egg. An egg consists of an eggshell, eggshell membrane, egg white, and egg yolk, of which the eggshell and membrane together represent 10-13%, the egg white represents 55-60%, and the yolk represents 32-35% of the total weight of the egg. The typical parameters used for modeling an egg are the weight: 50 g, eggshell thickness: 0.35 mm, diameter of the major axis: 58.5 mm, diameter of minor axis: 45 mm, and eggshape index (the ratio of the major axis to minor axis of the egg): 1.3. Due to the fact that an egg is an irregular ellipsoid, as indicated in Figure 1 , a 3D CaMega five-axis automatic optical scanning system was used during the modeling process to acquire the actual contour data, automatically generate a correct external geometric model of the egg, and establish a 3D model of the fluid inside the egg in the Pro/Engineer software tool in order to create a realistic geometric model of the egg. To simplify the model, the fluid within the eggshell was defined as a homogeneous fluid.
Mesh Generation and Boundary Conditions of the Egg
Model. The eggshell and cushioning material models were established in the ADINA Structure module using the shell element. The eggshell and cushioning material were divided into 3,575 and 1,600 units, respectively. The internal fluid model of the egg was built using the ADINA-CFD 3D-fluid element, and the internal fluid was divided into 53,760 units. In order to simplify the model, internal fluid was assumed to be a homogeneous substance. The finite element model is shown in Figure 2. 
Establishment of the Material Properties and Boundary
Conditions. Parameters have been defined for the cushioning material and eggshell. A universal biomechanical test machine (INSTRON 3369) was used to test the mechanical properties with an elastic modulus of 0.578 MPa. According to the calculation standards for a curved surface published by the American Society of Agricultural Engineers [16] and other relevant literature, the elastic modulus of an eggshell is E = 3.0 × 10 4 MPa, Poisson's ratio = 0.25, the eggshell density = 2.532 g/cm 3 [17] , and the entire egg was measured to weigh 50 g. See Table 1 for a list of the other materials in the egg [18, 19] .
The contact between the eggshell and the plane of the cushioning material was defined, the internal curve of the eggshell was defined as a fluid-solid coupling boundary, the four edges of the cushioning material were fully constrained, Figure 2 : The mapped meshing of the structure and fluid models.
the internal fluid was simplified by assuming it was homogeneous, and the fluid-structure interaction (FSI) fluid-solid coupling boundary and free surface were taken as boundary conditions.
Model Verification.
Fresh eggs with sizes and shape values similar to the model characteristics were selected for the experiment. After measuring the numerical values of major and minor axes of those eggs, there were five eggs whose egg-shape indices ( ) were close to 1.3 and weights that were approximately 50 g. These were used as the experimental subjects. EPE foam with a thickness of 48 mm and an elastic modulus of 0.578 MPa was used as the cushioning material. The equipment used for the experiment included a drop test machine, PCB tri-direction transducer, and TP3 data acquisition system (LANSMONT Corporation).
As shown in Figure 3 , the PCB tri-direction transducer was fixed to the larger end of the egg while ensuring that the surface where the transducer contacted the egg was perpendicular to the direction of the drop. The egg was placed on the test platform of the drop test machine, and the height of the platform was adjusted to make sure the egg was able to free fall at zero initial speed from a specified dropping height (15 cm). The egg was oriented so that the smaller end of the egg contacted the cushioning material. The acceleration and time of impact were collected and recorded by the sensors and the TP3 system. A finite element model describing an egg drop from a height of 15 cm was established to simulate the stress changes while the egg dropped and to compare it with the experimental results.
When solutions to the fluid and structure models were found, the fluid-solid coupling boundary conditions in both models were recovered. In terms of the boundary conditions of the structure, the internal surface of the eggshell was assumed to be a fluid-solid coupling interface, the surface that contacted the eggshell was selected as a fluid-solid variable section, and the free surface was selected as the boundary condition for the liquid level at which the fluid model contacted the air chamber. Those two models were coupled into the ADINA fluid-solid coupling solver (ADINA-FSI) in order to find solutions and to determine the nephogram of the stress on the eggshell, as shown in Figure 4 . As shown in the figure, when the egg was dropped onto the EPE foam from a height of 15 cm, the stress at the contact point increased proportionally to the contact surface between the egg and cushioning material. The maximum stress of the impact on the smaller end of the egg spread in the direction of the larger end. Because it was based on an actual object, the geometric model of the eggshell had a certain asymmetry, which is why the stress distribution on the eggshell was uneven when the stress was applied.
As shown in Figure 5 , the circumferential displacement of the eggshell was calculated by means of a simulation. The range of the circumferential displacement of the eggshell was −0.136 mm to 0.18 mm. Figure 6 shows a comparison between the simulation results and the experimental data. In the figure, the ordinate represents the acceleration (m/s 2 ) and the abscissa represents the time step. As is indicated by the simulation curve, the maximum acceleration was 373.6 m/s 2 . In comparison, the experimental data showed that the maximum acceleration of the egg was 353.9 m/s 2 when it was dropped onto the EPE cushioning material from a height of 15 cm. These results show that the error between the simulation results and the experimental data was less than 6%.
Drop Height Limit Analysis Based on the Finite Element Model of the Egg
The value of the initial drop speed was adjusted by changing the boundary conditions in the structure and fluid models.
The simulation results of the eggshell when the egg was dropped and the speed value when the eggshell failed were calculated by the FSI solver when the drop height limit for the egg and the EPE cushioning material could be obtained. When a drop test was conducted at a height of 40 and 45 cm, the corresponding initial impact speeds in the finite element model were 2.8 m/s and 2.97 m/s, respectively. The simulation result indicated that the egg did not crack when it was dropped at an impact speed of 2.8 m/s, whereas the egg cracked when the speed reached 2.97 m/s. When the initial impact speed was lowered to 2.89 m/s, which was the initial speed of the model, there was nonconvergence after the 15th iteration during the solution procedure, which indicated that the egg was subject to a maximum impact when it contacted the EPE cushioning material from a corresponding height of 42.6 cm. It was then observed that the egg cracked when it was dropped onto the EPE cushioning material from a height of 42.6 cm. As shown in Figure 7 , there was damage to the smaller end of the egg because of the excessive stress.
Conclusions
(1) The egg was assumed to be a linearly rotating thin-walled structure with isotropic properties and a uniform thickness based on an analysis of previous analytical and research work locally and abroad that focused on a numerical model of the egg. A 3DCaMega five-axis automatic optical scanning system was used to scan the contour of the egg. The complete contoured surface of the egg was generated by means of reverse engineering, which simplified the modeling process.
(2) ADINA, a finite element analysis software package, was used to build a finite element model of the egg based on the principles of fluid-solid coupling. With a coupled solution, the software was used to simulate a drop impact of the egg. The feasibility of this model for use in a mechanical property simulation of drop impact was verified by the drop experiment. A comparison between the simulation and experimental results showed that the error in the simulation was less than 6%, which means that the model can be used in a realistic simulation.
(3) Based on the simulation, the height limit that an egg could survive without cracking when it was dropped onto EPE cushioning material was 42.6 cm, which was determined by modifying the initial conditions of the model based on a fluid-solid coupling model. The simulation results of this model will serve as a theoretical foundation and provide guidance for studies on egg protective packaging and the optimization of the design of egg processing equipment.
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